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Abstract

Mexico highway network has more than 14,000 bridges. Most of them are rein-
forced concrete (RC) structures. The bridges design process incorporates the use
of an overstrength factor that is not justified and has received little attention
in published works. Mexican regulations allow using an overstrength factor for
buildings in the range of 2-3, to reduce the design spectra as a function of the
selected seismic behavior factor. However, for bridges, a single factor of 1.5 is
proposed independent of any design parameter. The bridges in Mexico are mostly
simply supported structures with maximum span lengths of 50 m. A relevant and
distinctive aspect of the bridges designed in Mexico is the large load amplitudes
of the trucks used to define the live load and the high seismic activity in the coun-
try. This study determines overstrength factors of a family of medium-length RC
bridges composed of simply supported superstructures and substructure made
up of single and multi-column RC piers. Non-linear dynamic analyzes using a
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set of 80 accelerograms were carried out. The results show that the height of the
bridges and their seismic location are relevant parameters in the overstrength
of the structures. Finally, analytical expressions are proposed to assess the over-
strength factors of a very common bridge typology in Mexico and the world.
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1 | INTRODUCTION

Bridges are essential structures for the economic development of a country. During an earthquake occurrence, it is impor-
tant to limit damages in bridges to reduce the economic impact of the event. Despite the great seismic activity in Mexico,
bridge design regulations in Mexico are scarce and the generation of bridge standards follows a much slower process than
the standards for other structures as buildings.

The national highway network in Mexico included, at the end of 2014, 16,656 bridges (8493 in toll-free roads and 8163
in toll roads) located mostly in highly seismic or intermediate seismic areas.! About 31% of the structures are in areas of
high seismicity and 29% in areas of intermediate seismicity.

Bridge regulations recognize that the real strength of the structures when subjected to lateral loads beyond the material
yielding, is greater than the nominal design strength, due to various factors that include the design methodology, the
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strength increase of the reinforcement bars in the zone of strain hardening, the increase of concrete strength over time,
the cross-sectional dimensions of the structural elements and the provided steel area that is normally greater than required,
among others.

For decades, the importance of overstrength in the seismic response of structures has been recognized, which some-
times explains observed seismic damages.> Other authors®® have suggested that other possible sources of overstrength
in structures are: overdesign for gravitational loads, slab contribution to the resistance of beams with negative moments,
the participation of non-structural elements, the minimum strength requirements established in the regulations, the con-
tribution of compressive steel in elements subjected to bending, the strength increase for short-term loads, the structural
redundancy, the use of the elastic period in the design process and the load-velocity relationship.

Overstrength factors of buildings have been reported with a significant range of variability. Miranda and Bertero® stud-
ied buildings in Mexico City and found overstrength factors in the range of 2-5 and mentioned the importance of infill
masonry walls and the slab contribution to overstrength. For steel buildings, Osteraas and Krawinkler'” reported over-
strength factors in the range of 1.8-6.5 in buildings designed in accordance with the UBC code.!! Shahrooz and Moehle'
experimentally studied a 1:4 scale model of a structure formed by six-story reinforced concrete frames and found an over-
strength value of 7.65.

Cassis and Bonelli'® reported overstrength factors in the range of 3-5 for reinforced concrete frames, walls and frame-
wall systems. The authors concluded that the overstrength factors in the frame systems were greater than those of the
other two cases analyzed. Zhu et al.'* found that the overstrength is greater for low-rise buildings compared to higher-
rise buildings. Jain and Navin" coincide with this conclusion based on the study of three-story and nine-story buildings.
They found an important dependence of overstrength with the seismic zone where the buildings were located, among
five different sites studied in India. The seismic location of the structure was a very relevant parameter in overstrength
factors. The average overstrength factors of the buildings located in the highest seismicity zone was of 2.8, whereas this
value increased to 12.7 for the buildings located in the lowest seismicity zone.

In a study of ten-story braced frames,'® the authors found overstrength factors in the range of 1.5-3.5. The authors sug-
gested that one of the parameters that most influences the overstrength is the force redistribution when the structure
enters into the inelastic range. Balendra and Huang!” analyzed steel frames in the range of three-ten stories with three
numerical models: moment-resisting frames, frames with concentric bracing and frames with semi-rigid connections. The
frames designed to support gravitational load presented overstrength factors of 3.5 and 8.0 for ten- and three-story struc-
tures, respectively. These values were reduced by half when considering the semi-rigid connections and the overstrength
of braced models was found in the range of 2.5-5.5. The influence of the dynamic properties of the buildings in the over-
strength factors is also showed in the study of one- to ten-story buildings,'® finding overstrength factors in the range
of 5.5-2.1.

Ghee et al."” tested a set of 25 RC circular columns for bridges. The influence of axial load, transverse reinforcement,
and flexural ductility on overstrength was evaluated. Depending on the level of axial load, the overstrength factor was
found in the range of 1.0-2.3.

Kappos et al.?’ studied seven bridges located in an area of high seismicity in Europe. They considered in the analysis
continuous bridges and simply supported bridges on elastomeric bearings. The overstrength factor was obtained with
pushover analyses as the ultimate shear force to design shear force ratio. The authors found overstrength factors in the
range of 1.3-3.4 in the longitudinal direction of the bridges and in the range of 1.2-5.8 in the transverse direction.

In Mexico, there is a lack of studies that quantify the overstrength in bridges considering the seismic sources of the
country and particularly assessing the influence of bridge typologies. The current version of the Civil Works Design Man-
ual of the Federal Electricity Commission,”! in its chapter of Earthquake Design, specifies an overstrength factor of 1.5
to reduce the design spectra used for designing bridges. However, this factor is adopted without any proper justification.
Conversely, the Civil Works Design Manual®' describes in detail the overstrength factors established for building design.
However, the differences between the support system and redundancy in buildings and bridges suggest that overstrength
factors for bridges should be assessed.

Bridges in Mexico are designed for trucks weight up to 72.5 t, a value considerably higher than that used for the design
of bridges in many countries worldwide. Additionally, the seismic hazard of most of the Mexican Republic is governed by
interplate and intraplate seismic sources. These seismic faults have the potential to generate events of M > 8 and control
the design of bridges located in central and southern Mexico. The similar contribution of these two seismic sources in the
seismic hazard in many regions, the methodology used to assess the seismic hazard and the large amplitude of the design
live loads, make bridges in Mexico particularly different from other sites. In Mexico, load combinations of the AASHTO
standards of the United States are used. However, the bridges designed in both nations are considerably different mainly



SANCHEZ ET AL. Wl LEY J_3

120°W ns'w 1"mo'w 106" W 100" W s'w 0w 85w
A A ' A A A A e
N
’ A
x "
R 3 3 e 4
4 1 i
L) A
4 . i
»
¢
z ) o, " S }
s o - .
8 G & { Gulf of Mexico
1
- l. -
Pacific Ocean . /

z } .
| . - i
R . : : d

Cataloged Earthquakes - ‘3 N — L .

Magnitude ‘ o
- 19.40 i ;’ ‘
41-50 ‘ -{
z 51.60
N "‘
- 61.70 '
® 182 Do -

FIGURE 1 Earthquake epicenters in Mexico recorded in the period of 1964 to 2017*

due to: (1) the seismic hazard in the United States is fundamentally governed by a single seismic source (transcurrent
fault), whereas in Mexico, interplate and intraplate seismic sources similarly contribute to the seismic hazard; (2) in the
United States the return period used for design bridges is 1000 years; in Mexico, the seismic code establishes optimal
design spectra that have variable return periods as a function of the seismic hazard in the country, and (3) the weight of
design trucks are considerably different in both countries.

This study determines overstrength factors of medium-length RC bridges with common typologies composed of two
extensively used substructures: frame-type substructure and single column piers. The overstrength factor is defined as the
ratio of ultimate base shear to design base shear. Nonlinear dynamic analyses of the bridges subjected to a set of 80 seismic
records were carried out. The analyses include two types of superstructure, two types of substructure, four pier heights
and three seismicity zones. The lack of specific studies in Mexico to assess overstrength factors in bridges and the high
amplitude of live loads used to design bridges in the country motivated the study. As a result, numerical expressions are
proposed to obtain the overstrength factors of medium-length RC bridges supported on single column and multi-column
RC piers.

2 | SEISMIC DEMAND

Seismic records were collected from two seismic sources that have produced structural damages in the seismic history
of Mexico. One of them is an interplate seismic source that generates very frequently strong earthquakes with epicenters
located close to the Mexican Pacific Coast. The second seismic source is an intraplate seismic source that generates earth-
quakes with hypocentral depths greater than 45 km and normally the epicenters are inside the continent. Both seismic
sources, with independent occurrence processes, have the potentiality of generating earthquakes with magnitude Mw > 8,
although the frequency of occurrence is higher in the interplate seismic source.

Figure 1 shows a map of earthquake epicenters in Mexico recorded in the period from 1964 to 2017. Mexico has sev-
eral seismic sources, namely: a transcurrent fault in the north of the country, interplate faults in the south-west, intraplate
faults in the central and south-west region and local faults in central area. Interplate earthquakes are produced by the sub-
duction of the Rivera and Cocos plates under the North American plate. The epicenters are in the Pacific Coast between
Chiapas and Jalisco states. The epicenters inside the continent are produced in local and intraplate faults. Whereas
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FIGURE 3 (A)Multi-column and (B) single column bridges in Mexico

hypocentral depths of interplate tremors are usually in the range of 10-45 km, intraplate hypocentral depths are greater
than 45 km.

A set of 80 seismic records from both seismic sources were selected. All accelerograms were recorded in seismic stations
located on hard soil sites, defined as those soils with shear wave velocities Vs greater than 720 m/s. The selection criteria,
in addition to the type of soil, considered those seismic records with the highest spectral amplitudes.

Figure 2 shows the response spectra of the family of seismic records for 5% of critical damping. The figure also shows the
mean spectrum and the mean + one standard deviation. Maximum spectral amplitudes are located in the period’s zone
below 0.5 s. because seismic stations are in sites of hard soil. The scaling process of the accelerograms was based on the
acceleration spectrum intensity (ASI)** in the period range of 0.1-0.5 s. The ASI of uniform hazard spectra for different
return periods was determined at the bridge location sites. The uniform hazard spectra were obtained from the most
recent seismic hazard study conducted in Mexico.?! All seismic records were scaled with the factor obtained by dividing
the ASI value of the uniform hazard spectrum, for a specific return period, by the ASI value of each response spectrum of
the accelerograms. The scaling of accelerograms followed an increase process of return periods until reaching the bridge
failure, according to Section 4.

3 | NUMERICAL MODELS

Most of RC bridges in Mexico are composed of several simply supported spans with a maximum length span of 50 meters.**
The numerical models for this study are five-span simply supported bridges on elastomeric bearings. Two span lengths are
included: 30 and 50 m. In the first case, a superstructure composed of AASHTO type IV girders is used and in the second
case Nebraska type 240 girders are used. In both cases, the bridge deck is a 0.20 m thick RC slab. The most common
substructures in the country are composed of single (Figure 3B) and multi-column piers (Figure 3A), forming in the latter
case a frame-type substructure in the transverse direction.

Two RC substructure types are analyzed: single column piers (Figure 4B) and piers formed with four columns (Fig-
ure 4A). The pier height was also a variable considered in the analysis, varying this parameter in the range of 5-20 m, at
increments of 5 m. Finally, the bridges were designed in three different seismic locations, namely: low (LS), medium (MS)
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FIGURE 4 Numerical models of bridges. (A) Multi-column piers and (B) single column piers
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FIGURE 5 Bridges cross section. (A) AASHTO IV girders for 30 m span bridges and (B) Nebraska 240 girders for 50 m span bridges

and high seismicity (HS). The parameter combination leads to a total of 48 numerical models that were subjected to the
set of 80 seismic records.

RC deck slab has a weight density of 23.5 kN/m? and the thickness of asphalt pavement for the bridges design was of
0.10 m, with a weight density of 21.6 kN/m?. The overall width of the bridges is 10.60 m (two-lane road) with a roadway
width of 9.60 m (Figure 5). In the transverse direction, the bridges have RC rectangular cross beams with a constant width
of 0.30 m. The separation of cross beams is 1/6 L for the 30 m spans (Figure 5A) and 1/10 L for the 50 m spans (Figure 5B).
The beams rest on elastomeric bearings designed for each case of analysis.

Figure 6 shows the numerical model of one of the five span bridges. The RC slab was modeled with shell-type finite
elements (quadrilateral elements with six degrees of freedom at each joint). The beams and columns were modeled with
bar-type elements with six degrees of freedom at each node. The columns were discretized into various elements to con-
sider their mass along their length. The elastomeric bearings were modeled with link-type linear elements of two nodes
and six degrees of freedom at each node. The model of expansion joints is a gap type non-linear link element that considers
a possible gap closure in the longitudinal direction.

The interaction between backfill and abutments was modeled according to the recommendations established in
Caltrans.” In the longitudinal direction, a bilinear model was used. The initial embankment fill stiffness for the case
of a fill not meeting the requirements of the Standard Specifications was used (K; = 14.35 kKN/mm/m). The bridges have
seat-type abutments and according to the backwall width and bridge height, the effective abutment wall stiffness was
determined.
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FIGURE 6 Detailed numerical model of the five span bridges
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Deck slab, kerbs, cross beams, bent caps, and columns were RC elements with compressive strength f'c = 24.5 MPa.
Compressive strength in girders were f'c = 34.3 MPa and f'c = 44.1 MPa for AASHTO IV and Nebraska beams, respec-
tively. The modulus of elasticity of concrete was Ec = 4400(f'c)/? (f'c in MPa), the modulus of elasticity of steel was
Es = 205940 MPa and the yield strength of the reinforcing steel was fy = 412 MPa.

The bridges were located on hard soil sites in three seismic zones, namely: low, medium, and high seismicity. The soil-
structure interaction was neglected and fixed column supports were assigned. Figure 7 shows the design spectra of the
three places. In all cases, the plateau of the spectra starts at a period of T; = 0.1 and finishes at T; = 0.6 (hard soil sites).
The maximum spectral amplitudes are in the range of 0.6-1.56 g, from low to high seismicity zones. A seismic behavior
factor Q = 2.0 was adopted to design the bridges carried out with SAP2000 program.?® The load combinations for Strength
I and Extreme Event I limit states included in the AASHTO standards®’ were used in the design process.

Figure 8 shows the trucks used to design the bridges. According to the requirements established in two lane bridges, an
HS-20 truck (Figure 8A) must be used in one design lane combined with a truck in the other lane of the most unfavorable
condition of trucks T3-S3 (Figure 8B) or T3-S2-R4 (Figure 8C).

The design of the structural elements was carried out based on the Complementary Technical Standards for the Design
and Construction of Concrete Structures of the Mexico City Building Code?® using the load combinations of the AASHTO
standards.?” Mexico City code is a force-based standard that establishes, for structural analysis, the use of cracked moments
of inertia of 0.5I g for beams and 0.7 g for columns, where Ig is the moment of inertia of the concrete gross cross-section.
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The reinforcement ratio of longitudinal steel in columns is limited in the range of 1% to 6% and 1% to 4% for structures
designed with Q = 2 and Q = 4, respectively, where Q is the seismic behavior factor. For the design of the bridges in this
study (Q = 2), the code specifies a minimum diameter of 7.9 mm for transverse reinforcement. In spiral reinforcement, the
minimum volumetric ratio of transverse reinforcement is 0.0071. The cross-section height/width ratio in beams should not
exceed six and in columns this limit is four. For Q = 2, the code also establishes that XMe > Mg, where Me is the sum of
resistant moments of the columns that reach the node and Mg is the sum of resistant moments of the beams reaching the
node, thus corresponding to adoption of capacity design method. The design criteria change as a function of the seismic
behavior factor selected for the design (Q = 2, 3, or 4), but they are independent of the seismic zone.

Table 1 shows column dimensions and steel ratios of each bridge model. It is also included the nomenclature used to
identify the numerical models. The first character, M or C, identifies the substructure type (M = multi-column pier and
C = single column pier). The next two characters refer to the span length, followed from the pier height (xx) Pxx and
finally the last number displays the bridge location (1 = low seismicity; 2 = medium seismicity and 3 = high seismicity).
Multi-column bridges with span length of 30 m have circular columns with diameter in the range of 0.90-1.80 m and this
range is of 0.95-1.85 m for 50 m span bridges. Steel ratios are in the range of 2.85% to 3.16%. Conversely, column diameters
in single column bridges are in the range of 1.60-3.10 m and 1.70-3.20 m for span lengths of 30 m and 50 m, respectively.
Steel ratios in these cases are in the range of 2.82% to 3.13%.

The maximum axial load ratio (Pmax/A f'c) in columns varied in the range of 0.06-0.23. Pmax is the maximum axial
load of all design combinations. The transverse reinforcement consisted of stirrups No. 4 (As = 127 mm?) and No. 5
(As = 198 mm?). The stirrups spacing in columns was in the range of 90-130 mm and 60-130 mm for the 30 m span
and 50 m span bridges, respectively.

Table 2 shows the fundamental periods of the bridges in both directions of analysis. Bridges’ periods with multi-column
substructure were in the range of 0.89-3.28 s in the longitudinal direction and in the range of 0.83-2.35 in the transverse
direction. Bridges supported on single column substructures had fundamental periods in the range of 0.85-3.29 s in the lon-
gitudinal direction and in the range of 0.90-3.81 s in the transverse direction. All fundamental periods are in the descending
zone of the design spectra. The plateau region ends at a period of T, = 0.6 s for sites of hard ground.

The girders of most of the short and medium length bridges in Mexico rest on elastomeric bearings. The design of
the bearings follows the procedure described in AAHSTO regulation code?” that limits shear strain demands under dead
and live loads’ action. They are composed of layers of Shore A-60 Neoprene (Chloroprene Rubber) and steel plates. The
bearing dimensions (in millimeters) in this study were in the 300 X 300 x 41-400 X 400 X 185 range (length x width x
thickness), and the shear modulus was G = 1.0 MPa. In service conditions, shear deformations were limited to 50% of the
elastomer thickness to avoid delamination due to fatigue. The bearings lateral stiffness was in the range 1.07 to 2.0 kN/mm,
whereas the vertical stiffness ranged from 324 to 510 kN/mm. The bearings/pier lateral stiffness ratio varied from 0.05 to
15.0. Displacement capacity of this type of bearings corresponds to shear strain of 200%, which for the models’ bearing
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TABLE 1 Bridge characteristics of the numerical models
Span Pier Steel Span  Pier Steel
length height Seismic ratio Pmax/ length height Seismic ratio Pmax/
(m) (m) zone D(m) (%) Afc Model ID (m) (m) zone D(m) (%) Afc Model ID
30 5 Low 0.90 2.85 0.19 M30P05-1 50 5 Low 0.95 3.19 0.23 M50P05-1
Medium 1.05 2.85 0.17 M30P05-2 Medium 1.10 2.88 0.21 MS50P05-2
High 1.25 3.00 0.16 M30P05-3 High 1.30 2.83 0.19 MS50P05-3
10 Low 0.95 3.22 0.18 M30P10-1 10 Low 1.05 2.88 0.22 MS50P10-1
Medium 1.15 2.98 0.17 M30P10-2 Medium  1.25 3.16 0.20 M50P10-2
High 1.50 3.02 0.17 M30P10-3 High 1.55 2.99 0.18 M50P10-3
15 Low 1.12 290 015 M30P15-1 15 Low 118 2.99 0.20 MS50P15-1
Medium 1.25 3.05 0.14 M30P15-2 Medium  1.30 3.24 0.18 M50P15-2
High 1.65 3.05 0.14 M30P15-3 High 1.75 2.95 0.16 M50P15-3
20 Low 1.30 2.91 0.13 M30P20-1 20 Low 1.35 290 0.16 M50P20-1
Medium 145 2.91 0.13 M30P20-2 Medium  1.50 2.91 0.15 MS50P20-2
High 1.80 2.93 0.13 M30P20-3 High 1.85 3.01 0.14 M50P20-3
30 5 Low 1.60 2.84 0.16 C30P05-1 50 5 Low 1.70 2.92 0.22 C50P05-1
Medium 1.80 2.84 0.14 C30P05-2 Medium 190 2.83 0.19 C50P05-2
High 2.05 3.13 0.10 C30P05-3 High 2.20 2.85 0.14 C50P05-3
10 Low 1.75 3.07 0.16 C30P10-1 10 Low 1.90 2.97 0.19 C50P10-1
Medium 2.10 2.83 0.15 C30P10-2 Medium  2.20 2.82 0.16 C50P10-2
High 2.50 2.95 0.11 C30P10-3 High 2.55 2.99 0.15 C50P10-3
15 Low 1.90 294 015 C30P15-1 15 Low 2.00 2.86 0.19 C50P15-1
Medium 2.25 3.01 0.13 C30P15-2 Medium 235 2.98 0.16 C50P15-2
High 2.80 3.05 0.09 C30P15-3 High 2.90 2.88 0.11 C50P15-3
20 Low 1.75 2.96 0.15 C30P20-1 20 Low 1.90 2.83 0.19 C50P20-1
Medium 2.40 3.05 0.12 C30P20-2 Medium  2.40 3.05 0.15 C50P20-2
High 3.10 2.97 0.06 C30P20-3 High 3.20 2.79 0.08 C50P20-3

dimensions, led to displacement capacities in the range 82-370 mm. For bridges with span length of 30 m, neoprene JICMY-
55 expansion joints with 40 mm gap width of were used, whereas for 50 m long span bridges neoprene MT-50 expansion
joints were adopted with 80 mm gap width.

4 | NONLINEAR ANALYSIS

To quantify the overstrength, the ultimate capacity of the bridges was determined based on non-linear analysis of the
bridges subjected to the family of the seismic records. Ultimate capacity was assumed when the element reached one or
more of the following conditions: (a) a drop of 20% of the moment capacity; (b) a tension strain demand in the longitudinal
steel equal to its maximum strain capacity, and (c) a compression strain demand in concrete equal to its maximum strain
capacity. Fiber response was obtained from the nonlinear constitutive models of the reinforcing steel and concrete. The
overstrength factor was determined as the ratio of the ultimate base shear capacity to the design base shear. The nonlinear
models were created using the SAP2000 program”® with viscous damping of 1%, assuming that the nonlinear behavior
occurs in piers and using a fiber-type section model.

Fiber P-M2-M3 hinges were assigned and the program SAP2000 integrates the axial behavior of the fibers to get moment
rotation curves. Figure 9 shows a cross section of the column discretized into the number of integration points. Each fiber
is described with a uniaxial constitutive relationship in the zone of plastic behavior at both column ends. The number
of fibers used to discretize the cross section was in the range of 526-2523, as a function of the column diameter and the
longitudinal steel distribution.
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TABLE 2
Model ID
M30P05-1
M30P05-2
M30P05-3
M30P10-1
M30P10-2
M30P10-3
M30P15-1
M30P15-2
M30P15-3
M30P20-1
M30P20-2
M30P20-3

FIGURE 9

The uniaxial constitutive model of concrete was based on the proposal of Mander et a

Fundamental periods of the bridges

Tlong (S) Ttran (S) Model ID

112
0.99
0.89
1.67
1.37
1.05
1.89
1.70
1.27
2.04
1.84
1.47

0.87
0.85
0.83
1.13
0.97
0.88
133
117
0.95
1.52
1.30
1.05

Cross section

M50P05-1
M50P05-2
M50P05-3
M50P10-1
M50P10-2
M50P10-3
M50P15-1

M50P15-2

M50P15-3

M50P20-1
M50P20-2
M50P20-3

Tiong (5)
2.06
1.96
1.89
2.58
2.26
2.02
3.03
2.75
2.18
3.28
2.94
2.42

Unconfined concrete

Wi LEYJ—9

Tian (8) ModelID Ty, (S) Tyan () ModelID Tign, (S) Tiran (S)

1.88
1.86
1.85
2.03
1.94
1.89
2.21
2.10
1.93
2.35
2.19
2.00

C30P05-1
C30P05-2
C30P05-3
C30P10-1
C30P10-2
C30P10-3
C30P15-1

C30P15-2
C30P15-3

C30P20-1
C30P20-2
C30P20-3

Confined concrete

Fiber discretization of the column cross section

0.94
0.89
0.85
1.27
1.07
0.94
1.58
1.32
1.06
2.08
1.55
1.18

1.04
0.96
0.90
1.46
1.17
1.00
191
1.49
114
3.02
1.82
1.28

Steel bars

C50P05-1  1.92 2.01
C50P05-2 1.89 1.95
C50P05-3 1.86 1.90
C50P10-1 2.16 2.30
C50P10-2  2.02 211

C50P10-3  1.93 1.99
C50P15-1  2.55 2.78
C50P15-2 225 2.38
C50P15-3  2.02 2.09
C50P20-1 3.29 3.81
C50P20-2 2.60 2.82
C50P20-3 2.11 2.19

e _"f

Fiber discretization

1.” For the reinforcing steel,

Park and Paulay*® constitutive model was adopted. Figure 10 shows the material constitutive models used for unconfined
concrete (Figure 10A) and for reinforcing steel (Figure 10B). Equation 1 defines the plastic hinge length.’!

L, = 0.08L + 0.022f,d}, > 0.044f ,d,,

¢y

L, is the plastic hinge length, L is the column length, dj, is the diameter of the longitudinal reinforcing bars, all of them
in meters, and f; is the yield strength of longitudinal steel in MPa.
According to figure 10, the yield and ultimate strain of the reinforcing steel was 0.002 and 0.108, respectively. The
ultimate strain of the unconfined reinforced concrete was 0.005. The ultimate strain of the confined concrete, which
depends on the geometric properties and the longitudinal and transverse reinforcements of each column, was in the range

0.018-0.026.

FIGURE 10
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FIGURE 11 Overstrength factors of 30 m span bridges with multi-column piers. (A) Longitudinal direction and (B) transverse direction

The volumetric transverse reinforcement ratio of the columns in all models was the required to avoid a brittle failure
in the piers. Moreover, at the end of the nonlinear analysis, shear demands were analyzed in all elements to verify that
effectively piers failed in flexure before reaching a premature shear failure.

5 | OVERSTRENGTH FACTORS

The overstrength factor (qs) was obtained in each direction of analysis of the bridges as the ratio of the ultimate base shear
to the design base shear. The ultimate base shear was assessed by subjecting the bridges to the three components of the
set of 80 seismic records and following the failure criteria mentioned in the previous section.

5.1 | Bridges with span length of 30 m

Figure 11 shows mean values of the overstrength factors (average of the 80 factors computed from each seismic record) in
both directions of multi-column bridges with span length of 30 m. Figure 11A shows overstrength factors in the longitu-
dinal direction. The horizontal axis displays pier heights and vertical axis presents the overstrength factors.

In the high seismicity zone, the pier height had little relevance in the overstrength factors that have values in the range
of 2.1-2.5. On the contrary, the overstrength factors of the bridges located in the medium and low seismicity zones showed
a clear dependence on the pier height; the higher the pier, the greater the overstrength factor. In the medium seismicity
zone, the factors were in the range of 2.3-5.3 and in the low seismicity zone overstrength factors were in the range of
2.4-7.5. The bridges with tall piers showed important changes in the overstrength factors when moving from low to high
seismicity zones.

The growth of the overstrength factor as a function of the pier height observed in the longitudinal direction for the low
and medium seismicity zones is mainly attributable to the increase in the ultimate base shear between the 5 and 20 m
high models. The low and moderate participation of seismic loads in the design actions of the bridges located in these
zones, caused an important contribution of gravity loads in bridges’ design that provided overstrength to the bridges.
Additionally, as the bridge height grows the displacement demands rise as well, and the participation of the abutments in
the overstrength factors for the longitudinal direction became evident. The low-height bridges had overstrength factors
similar for the three seismic zones as a result of similar displacements demands and negligible participation of abutments.
Conversely, in the high seismicity zone, the seismic actions had the greatest contribution in the design for all bridge
heights, which caused that the overstrength factor remains at similar values in all cases. In this seismic zone, by reducing
the importance of gravity loads in the design, the increase in the design base shear is similar to the increase in the ultimate
base shear when the pier height increases.

In the transverse direction (Figure 11B), the increase of the pier height reduces the overstrength factor. The bridges
in the high seismicity zone presented overstrength factors in the range of 2.4-4.8, in the medium seismicity zone in the
range of 2.1-4.6 and in low seismicity zone in the range of 2.3-5.1. Although there are considerable differences among the
overstrength factors in the low and high seismicity zones, these variations are smaller than those observed in the longitu-
dinal direction. Clearly, the change of behavior is associated with the different pier deformed shapes in both translational
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FIGURE 12 Overstrength factors of 30 m span bridges with substructure consisted of single column piers. (A) Longitudinal direction
and (B) transverse direction

directions. Whereas in the longitudinal direction piers deform laterally in single curvature, they deform in double curva-
ture in the transverse direction.

In the transverse direction, frame-type piers, formed by four columns and a cap beam, support the bridge. In this direc-
tion of analysis, similarly to the results published in previous studies,'”"> the impact of the gravity loads on the design
actions for low-height bridges originated high overstrength values that decreased as the bridge height increases because
of the important contribution of seismic demands in the design actions. The important participation of gravity loads in
the bridge overstrength factors, provides relevance to studies such as the one carried out here, particularly in view of the
diversity of live loads used to design bridges in different countries. In frame-type piers, the collapse rotation demand of
the 5 m high columns was reached in all cases for lateral displacements lower than those of the 20 m high bridges. The
less stiffness of the 20 m high piers produced larger displacements that eventually caused to reach collapse damage state
for lower shear forces than those of the 5 m high bridges.

Figure 12 shows the results of 30 m span bridges supported by single column piers. Figure 12A shows the overstrength
factors for the longitudinal direction of the bridges and Figure 12B for the transverse direction. In the longitudinal direc-
tion, the rate of increase of overstrength factors observed in bridges supported on frame type piers and located in medium
and low seismicity zones, is reduced when passing from short to tall piers in single column bridges.

In the high seismicity zone, both types of substructures displayed overstrength factors practically independent of the
pier length. However, the overstrength was slightly higher in bridges supported on single column piers. In the longitu-
dinal direction, the overstrength factors were in the range of 3.8-4.9, 2.9-4.5, and 2.7-3.2, for the low, medium, and high
seismicity zones, respectively.

In the transverse direction, overstrength factors again decrease (up to certain height) and start increasing later (similar
effect observed in bridges with four-column piers located in low and medium seismicity zones). The overstrength factors
in the transverse direction were in the range of 2.2-3.6,1.9-2.4, and 1.6-2.1, for the low, medium, and high seismicity zones,
respectively. The bridges located in the zone of high seismicity showed overstrength factors that decrease with the pier
height in the range of 5-15 m and subsequently presented a slight increase for bridge heights in the range of 15-20 m.

5.2 | Bridges with span length of 50 m

Figure 13 shows the overstrength factors for bridges with span length of 50 m supported on multi-column piers. Figure 13A
presents the results in the longitudinal direction and Figure 13B in the transverse direction.

Although the trend of the overstrength factors in the longitudinal direction of the bridges (Figure 13A) is similar to that
of the bridges with spans of 30 m, the overstrength factors are slightly higher for 50 m span bridges. In the low seismicity
zone, the overstrength factors were in range of 2.2-8.7, in the medium seismicity zone in the range of 2.1-6.2 and in the high
seismicity zone in the range of 1.7-2.8. The impact of the span length in the substructure design is smaller for short-pier
bridges than tall-pier bridges, which is reflected in the overstrength factors.

In the transverse direction of the 50 m span bridges (Figure 13B), the overstrength factors showed a similar trend to that
obtained for spans of 30 m. The overstrength factors were in the range of 2.4-4.5,1.7-4.2, and 3.1-3.8 for the low, medium,
and high seismicity zones, respectively. The major influence of the span length in overstrength factors was observed in
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FIGURE 13 Overstrength factors of 50 m span bridges with substructure composed of multi-column piers. (A) Longitudinal direction
and (B) transverse direction
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FIGURE 14 Overstrength factors of 50 m span bridges with substructure consisted of single column piers. (A) Longitudinal direction
and (B) transverse direction

bridges with piers heights of 5 and 20 m, which are also the bridges with more and less impact of gravitational loads in
the design of the structures.

Again, there are remarkable differences in the overstrength factors in both translational directions of the bridges due to
the cantilever lateral deformation of piers and the abutment contribution in the longitudinal direction, and the frame-type
configuration in the transverse direction. Similarly to the results of the 30 m span bridges, the influence of the seismic
location of the bridges on the overstrength factors relates to the different impact that gravity loads had in the design
actions, which is greater in the zones of lower seismicity, an effect also described by Jain and Navin.!

Figure 14 shows the overstrength factors of the 50 m span bridges supported on single column piers. The figure on
the left (14a) corresponds to the longitudinal direction of the bridges and the figure on the right (14b) to the transverse
direction. In both directions of analysis, up to 10 or 15 m pier height, the overstrength factor decreases as the bridges’
height increases.

The overstrength factors in the longitudinal direction were in the range of 3.6-5.3, 2.8-4.3, and 2.5-3.3 for the low,
medium and high seismicity zones. These values were close to those obtained for 30 m span bridges. In the transverse
direction (Figure 14B), the computed overstrength factors were in the range of 2.3-3.3, 1.8-2.3, and 1.4-1.8 from low to
high seismicity zones. These values were also comparable to the overstrength factors found in the transverse direction of
30 m span bridges supported on single-column piers.

Conversely, 30 and 50 m span bridges with substructure formed by single column piers, presented behavior differences
in the longitudinal and the transverse directions. In the longitudinal direction, abutments had participation on the seismic
response of the bridges, whereas this contribution was negligible in the transverse direction.

Despite the previous results, the influence of span length on overstrength factors was practically negligible. This is
clearly observed when plotting the overstrength factors as a function of the normalized variable T (H / L) shown in the
next section.



SANCHEZ ET AL. 13
WILEY
10 A M30 o 6
5 8 o M50 Q. = _.%<
e S Acw-=""
- o -- -=3
£ 6 g N °
B -7a &
g 4 by S 3
17 A_~-= = ‘E 2
o 2 5 o A C30
3 3 o (50
Y 0
0 0.5 1 1.5 0 0.5 1 1.5
T(H/L) T(H/L)
(A) (B)
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6 | OVERSTRENGTH FUNCTIONS

Based on the results of the non-linear dynamic analyzes of 48 numerical models of bridges subjected to a set of 80 accelero-
grams recorded in Mexico, polynomial equations are proposed to evaluate the overstrength factors of the bridges. Figure 15
shows the overstrength factors in the longitudinal direction of the bridges located in the low seismicity zone. The vertical
axis presents the overstrength factor and the horizontal axis displays the ratio T (H/L). T is the fundamental period of
the bridge in the direction of analysis; H is the pier height and L is the span length. Graphing the overstrength factors
as a function of T (H/L) allows showing the results of both models (M30 and M50 or C30 and C50) in the same figure.
Figure 15 also shows the polynomial curve fitted to the data. Figure 15A displays the results of the multi-column bridges
and Figure 15B presents the results of the bridges supported on single column piers. The growth of the overstrength factor
with the increase of the parameter T (H/L) is more important for bridges with multi-column piers, as compared with the
bridges on single column piers.

Figure 16 shows the overstrength factors in the transverse direction of the bridges located in the low seismicity zone.
Again, the change of the overstrength factors with the increase of T(H/L) was smaller in bridges supported on single
column piers (Figure 16B) than the values obtained for bridges with a substructure composed of multi-column piers (Fig-
ure 16A). In the transverse direction, the substructure type modified more the period interval of the bridges and therefore
the parameter T (H/L).

Figure 17 shows the results to assess the overstrength factors in the longitudinal direction of the bridges located in the
medium seismicity zone. In general, the overstrength factor decreases when passing from the low to medium seismicity
zone and the highest overstrength factor was obtained for the highest value of T (H/L) in both types of substructure
(Figures 17A and 17B).

Figure 18 shows the overstrength factors in the transverse direction of the bridges located in the medium seismicity zone.
The overstrength factors of frame-type substructures (Figure 18A), decrease when increasing the parameter T (H/L). On
the contrary, bridges with single-column piers (Figure 18B) increase the overstrength factor with this parameter.
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FIGURE 18 Overstrength functions in the transverse direction of the bridges located in the medium seismicity zone. (A) Multi-column
piers (M models) and (B) single column piers (C models)

Figure 19 shows four graphs of the overstrength factors in both directions of analysis for bridges located in the high
seismicity zone (Figures 19A and 19B in the longitudinal direction and Figures 19C and 19D in the transverse direction).
The importance of the fundamental periods of the bridges in the overstrength decreases when they were in the high
seismicity zone. However, even in this seismic zone, the direction of analysis was relevant in the trend and values of the
overstrength factors, including the case of substructures formed by single column piers. Again, the bridges supported
on single column piers had larger overstrength factors in the longitudinal direction (Figure 19B) than the factors in the
transverse direction (Figure 19D) because the bridge abutments modify the seismic behavior in the former case.

As observed in previous section, the different influence of the period on the overstrength factors of the bridges located in
the low seismicity zone with respect to the high seismicity zone, is mainly because gravitational loads had larger impact on
pier dimensions and reinforcement in low seismicity zone than for high seismicity areas. The increase of the fundamental
period also reduces the seismic demands leading to lower design base shear. Additionally, the increase of the bridges’
fundamental period when passing from the lowest to the tallest piers is greater in the lower seismicity area than in the
higher seismicity area, and the design spectra have decreasing demands from the period Ty, = 0.6 in both seismic zones.

The seismic design of bridges worldwide often incorporates reduction factors that are function of different parameters.
The R factors that are applied to reduce the design spectra in the AASHTO code standard depend on the importance of the
bridges classified as: Critical, Essential, and Other. For bridges with a single column substructure the R factors are in the
range 1.5-3.0, whereas the factors for substructures composed of multi column bents are in the range 1.5-5.0. Eurocode
8 specifies reduction factors g in the range 1.5-3.5 as a function of the substructure ductile capacity. Sinchez-Ricart*
showed reduction factors used in seismic codes for 27 countries, which are in the range 2.0-12. The great diversity among
reduction factors that also makes unviable to compare directly one with the other, is related to: different methodologies
used to obtain the design spectra in each country; different return periods (T,) used to define the design earthquake (e.g.,
AASHTO code T, = 1000 years, Eurocode 8: T, = 475 years, and variable T, in Mexico throughout the country); different
ratios of gravity/seismic load in each country; different characteristics of the earthquake-generating processes in each site,
among others.

However, the trends of overstrength factors observed in this study are similar to those recommended in seismic codes
of other countries. For example, 30 m span bridges with a substructure formed by a single column presented overstrength
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FIGURE 19 Overstrength functions of the bridges supported in multi-column piers (M models) and single column piers (C models)
located in the high seismicity zone. (A) M30 and M50 in the longitudinal direction; (B) C30 and C50 in the longitudinal direction; (C) M30
and M50 in the transverse direction and (D) C30 and C50 in the transverse direction

factors in the range of 1.6-4.9 and the bridges composed of multi-column piers had overstrength factors in the range of 2.1-
7.5. The lowest reduction factors recommended in the AASHTO standards (1.5) are independent of the type of substructure
(in this study the lowest values obtained for single and multi-column piers were 1.6 and 2.1, respectively). Moreover, the
ratio of the maximum reduction factor of multi-column piers to single-column piers in AASHTO standards is 5/3 = 1.67,
whereas this ratio was 7.5/4.9 = 1.53 in this study.

Finally, Table 3 shows the overstrength functions obtained in three seismic zones for RC bridges supported on multi-
column and single column piers. The overstrength factors depend on the fundamental period (T), pier height (H), and
span length (L).

The above equations aim at quantifying the overstrength factors of simply supported reinforced concrete bridges with
30 and 50 m spans lengths. The main objective of this study was to show the impact of the fundamental period, the seismic
zone, the piers height and the span length on the bridge overstrength. For a seismic code, it would be advisable to reduce
the number of parameters by grouping the results into two or three more general classifications, a task that is beyond the
scope of this study.

7 | CONCLUSIONS

This study determines analytical expressions to evaluate overstrength factors in RC bridges with a superstructure formed
by RC slab and simple-supported prestressed concrete girders. Two types of substructures were analyzed: the first one
composed of multi-column piers and the second one formed by single column piers. The bridge typologies considered
five-span bridges with span lengths of 30 and 50 m. To assess the overstrength factors, non-linear dynamic analyzes were
performed, subjecting the bridges to a set of 80 accelerograms recorded in the Mexican Republic.

The ratio of the ultimate base shear of the bridges divided by the design base shear determined the overstrength factors.
The evaluation of the ultimate base shear assumed that there is no premature failure in the bridge before reaching the
pier capacity.

The seismic zone has an important influence on the overstrength factors in the longitudinal direction of bridges sup-
ported in multi-column bents. When seismic forces have the major contribution to the design actions, the overstrength
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TABLE 3 Overstrength functions for RC bridges supported on multi-column and single column piers

Bridge pier Direction Seismic intensity zone Overstrength function
2 "
Multi-column Longitudinal Low qs = 1.78(%) +241 (%) +1.71
2
Medium g = 1.42(%) +1.78 (%) +1.62
2
High g = 1.09(%) ~033 (%) +1.94
2
Transverse Low qs = 10.03(%) —13.42 (?) +6.63
2
Medium g5 = 4.66(%) —8.28 (%) +5.70
2
High g = 5.38(%) -7.57 (%) +5.49
g g o TH 2 TH
Single-colum Longitudinal Low qs = 0.46(7) +0.56 (T) +3.53
2
Medium g = 4.22(%) - 387 (%) +3.85
2
High q, = 3.69(%) ~3.00 (%) +3.23
2
Transverse Low qs = O.34(%) —0.018 (%) +2.34
2
Medium qs=0.40<%) —0052(%)+189
2
High g = 2.21(1—”) —2389 (TL—”) +237

factors showed less dependence on the pier’s height, which occurs in high seismicity zones. The foregoing is understand-
able when observing that the ultimate base shear increases in a similar way to the design shear in high seismicity zones.
However, when the gravity load is relevant in the design actions, as occurs in low seismicity zones, the ultimate base shear
increases whereas the design base shear reduces with the increment of pier length increasing the overstrength factors. The
same attenuated effect occurs in both directions of bridges supported by single-column piers, where, as expected, the fewer
columns the pier has (less redundant), the lower the overstrength factors.

The overstrength factors were also greater in the longitudinal direction than in the transverse direction, as a result of the
soil-abutment contribution to the bridge capacity. The increase of the longitudinal displacement demands (taller piers)
enlarge the abutment participation. The effect of abutments is also shown in single column piers where the overstrength
factors are greater in the longitudinal direction than in the transverse direction.

In the transverse direction of the bridges supported in multi-column bents, the trends are different from the longitudinal
direction in view of the pier lateral deformation in double curvature. The important contribution of gravitational loads
on the design actions for low-height bridges led to high overstrength values that decreased as the bridge height increases
where there is greater influence of seismic demands in the design actions. Additionally, the low stiffness of the 20 m high
piers led to collapse damage state for lower shear forces than those of the 5 m high bridges Moreover, the fundamental
periods in the transverse direction of the bridges were shorter than in the longitudinal direction which, according to the
response and design spectra, increase the seismic demands and consequently reduce overstrength factors.

The dependence of the overstrength functions for simply-supported bridges on the participation ratio of gravity to seis-
mic loads in the design actions is relevant in Mexico where truck loads are particularly different from trucks used to design
bridges in other countries. This study initiates the first efforts towards including overstrength factors for bridges in Mexi-
can code-standards, supported by analytical studies. The selection of these factors should also incorporate a deeply review
of the values suggested by other authors and bridge code-standards in the world. An additional study should explore to
use a narrow variation of overstrength factors in the longitudinal and transverse directions, which could be carried out in
the future works aiming at proposing specific values to be adopted in Mexico bridge code-standards.

The results also showed that the overstrength factors in both directions of analysis depended very marginally on the
bridges’ span. This was evident by observing the overstrength factors of 30 and 50 m span bridges with height variation in
the range of 5-20 m, as a function of the variable T (H/L), T = fundamental period (s), H = pier height (m), and L = span
length (m).
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The applicability of the proposed analytical expressions is limited to the typologies studied. The superstructure was
composed of prestressed girders with a 0.20 m thick RC slab. The simply supported girders, with span lengths in the range
of 30-50 m, rested on elastomeric bearings and on circular single and multi-column piers. Additionally, the bridges were
designed using current Mexico code standards and assumed to be located in sites of hard soil. It would be desirable that
future works consider other substructure classes and bridges supported on foundations designed for other types of soil.
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